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THE  EFFECT  OF  HIGH  FREESTREAM  TURBULENCE 
ON  FILM  COOUNG  EFFECTIVENESS 


Jeffrey  P.  Sons,  Charles  D.  MacArthur,  and  Richard  B.  Rivir 
Aero  Propulsion  and  Power  Directorate 
US  Air  Force  Wright  Laboratory 
Wright-Patterson  AFB,  Ohio 


ABSTRACT 

This  study  invcsug sted  the  adiafaauc  wall  cooiiag  cffecdveness 
of  a  siagie  row  of  film  oooiing  holes  miectmg  into  a  turbulent  fiat 
plate  boundary  layer  below  a  turbulent,  zero  presstoe  gradient 
fiiesiream.  Levels  of  freeaoeam  turbuleace  (Tu)  up  to  17.4% 
were  generated  using  a  method  which  simulates  conditions  at  a 
gas  turbine  combustor  exit.  Film  cooling  was  injected  from  a 
single  row  of  five  35  degree  alant«liois  in}ecton  (iengtb/diameter 
a  3i.  piteh/diameter  «  3.0)  at  blowing  ratios  from  0.55  to  i.S5 
and  at  a  nearly  constant  deastcy  rado  (coolant  deasity/fxeescream 
density)  of  0.95.  Film  cooling  effeetivecess  data  is  presented  for 
Tu  levels  ranging  from  0.9%  to  17%  at  a  constant  freestream 
Reynolds  number  based  on  injection  hole  diameter  of  19000. 
Results  show  thst  elevated  levels  of  freesgeam  turbulence  reduce 
film  cooling  effectiveness  by  up  to  70%  to  the  region  directly 
downsueam  of  the  injection  hole  due  to  enhanced  mimg.  At  the 
same  high  freestream  turbulence  elso  pnxhtoes  a  50«100% 
increase  in  film  cooling  effectivesess  in  the  regtoo  between 
injection  holes.  This  is  due  to  accelerated  spanwtse  diffusion  of 
the  cooling  fluid,  which  also  produces  an  earlier  merger  of  the 
coolant  jets  from  adjacent  holes. 

INTRODUCTION 

Modem  trends  in  aero  engine  gas  turbine  combustor  design 
have  resulted  in  short,  high  temperature  nse  combustors  which 
produce  highly  turbulent  exit  flows.  As  combustor  exit 
temperaoire  is  increased  to  benefit  the  engine  cycle  efficiency, 
effective  film  cooling  of  the  turbine  components  downsueam  of 
the  combustor  becomes  increasmgly  impmtant. 

Coooterscting  (he  increased  heat  load  from  the  higher 
temperature  gas  by  increasing  the  film  flow  is  rarely  an 
acceptable  engmeering  solution  because  the  coolant  is  usually 
tai^  from  upstream  in  the  cycle  and  its  exuacuon  can  cause 


unaccepcahle  penoimance  penalties.  The  film  cooling  designer  is 
therefore  faced  with  the  challenge  of  obtaining  the 
efficiency  from  each  unit  of  coolant  flow.  Accoea  iafdRBaaoQ 
00  the  effects  of  the  many  variables  that  eater  the  problem— 
pleasure  gradient,  curvature,  exit  hole  design.  and  man 

flow  raiee— is  criticai 

AU  gas  turbine  combustors,  and  in  particaiar.  the  newer  low 
aspect  ratio  designs  produce  complex  exit  flows  which 
tnrhoieoce  of  varying  inceoaity,  scale,  and  isotropy.  Recent 
research  has  shown  free  stream  turbulence  to  have  a 
efTect  on  boundary  layer  flows.  Therefore  it  may  be  expeemd  that 
film  cooling  wiU  also  be  hgnificaotly  influenced  by  OBbultnce  in 

the  mam  stream.  Although  there  exisu  a  large  body  of  film 
cooling  effectiveMss  data  documenting  the  effects  of  many 
design  paranmten.  there  have  been  relatively  few  camprahuiaive 
studies  of  the  effect  of  freestream  turbulence.  No  smdy  to  data 
has  mvesngatfid  the  effect  of  turbulence  of  the  type 
with  gas  turbine  combustors  on  film  cooling.  This  may  be  in  part 
because,  untii  recently,  little  quansiiative  data  has  bean  available 
in  the  open  literamre  on  combustor  exit  lurbnlsooB.  The  woch  of 
(3oebel  et  at  (1993)  and  Moss  and  Oldfield  (1991)  has  begun  to 
provide  details  of  turbulence  for  actual  combQsmn.  Infonnation 
on  many  additional  quanoties.  to  particuiar  length  is  yet  m 
be  le ported.  The  work  of  Goebel  ct  ^  found  the  ranges  of  axial 
and  swiri  turbukoce  intensities  to  be  generally  faetw^  5%  ^ 
20%.  Also,  these  values  vary  considerahiy  with  radial  position 
and  the  amount  of  swirl  induced  in  the  flow  by  the  fuel  injection. 
Such  significant  mteosities  would  be  expected  to  greatly  effect 
film  cooling  behavior.  While  these  studies  provide  tnformaiaoa 
on  older  combustor  geometries,  as  previoosly  noted,  new 
combustors  are  shorter,  with  less  pressure  drop,  and  to 

have  more  severe  exit  turbulence. 

The  objecuve  of  this  work  is  to  further  the  understanding  of 
bow  film  cooling  effectiveness  is  influenced  by  main  stream 
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turbulent  flow.  A  single  row  of  angled  injccaon  boles  is  used 
with  cUameter-co>spacing  and  length-to-diameterranos  typical  of 
cuneni  cooling  scnemes.  Freestream  turbulence  is  created  by  jets 
in  cross  flow,  an  arrangement  designed  to  simulate  tbe  dilution 
jets  located  near  or  at  the  exit  of  virtually  all  combustors.  This 
work  concentrates  on  effectiveness  (a  measure  of  the  muting  rate 
of  the  film  With  the  breestream  as  determined  from  the  adiabatic 
wall  "recovery"  tempexature)  because  of  its  importance  in  most 
common  methods  of  predicting  gas-to-smface  transfer. 

Tbe  most  comprehensive  published  work  documenting  the 
effects  of  free  stream  turbulence  on  film  cooling  is  that  of 
Kadotam  and  Goldstein  (1979).  These  authors  used  mrbuience 
generatmg  grids  in  a  low  speed,  zero  pressure  gradient  flow  to 
create  free  stream  intensity  fluctuations  of  up  to  about  20%  and 
turbulent  integral  length  scales  (average  eddy  sizes)  of  0.06  to 
0.33,  expressed  as  fracdons  of  the  film  ejection  hole  diameter. 
The  film  cooling  arrangement  was  a  smgie  row  of  angled  holes 
similar  to  the  present  study.  Kadotam  and  Goldstein  found 
varying  degrees  of  turbulence  influence,  which,  when  expressed 
as  a  rauo  of  disturbed  effectiveness  to  cffecuvcness  with  a 
(nearly)  laminar  free  stream,  ranged  from  -30%  to  +15%.  The 
authors  concluded  that  three  general  parameters  were  of  greatest 
importance  in  changing  the  effectiveness:  the  turbulence 
intensity,  the  blowing  ratio,  and  the  ratios  of  length  scale  to  hole 
diameter  and  length  scale  to  main  stream  boundary  layer 
thickness  at  the  bole  location.  All  three  parametenippear  to  alter 
tbe  miaing  rate  between  tbe  m^in  scream  and  tbe  Him  coolant. 

Other  studies  of  the  efftet  of  free  stream  turbulence  on  film 
cooling  have  been  presented  by  Jumper  ct  aL  (1989).  and  Brown 
and  Saluja  (1979).  Jumper  ci  iL  presented  effectiveness  results 
for  one  nearly  constant  turbulence  level  of  16%  generated  using  a 
wall  jet  as  the  mainstream  flow.  This  turbulence  level  was 
achieved  in  the  initial  period  of  the  wall  jet  velocity  decay.  The 
wall  jet  has  velocity  and  turbulence  profiles  somewhat  distinct 
from  those  of  a  conventional  flat  plate  boundary  layer  which 


makes  comparison  of  these  results  to  other  work  difficult 
Neventeless  the  same  general  trends  in  cnhanccmem  or  decrease 
of  cffecuvcness  with  blowing  ratio  as  seen  in  Kadotam  and 
Goldstem  were  observed  but  at  a  greater  rate.  Brown  and  Saluja 
studied  film  cooling  from  a  single  hole  and  a  row  of  holes  exitmg 
into  acccieratmg  and  decelerating  flows.  Freestream  turbulence 
was  generated  with  a  gnd  giving  levels  of  1.7%  and  8%.  In 
general,  increasing  turbulence  intensity  resulted  in  a  dfrmtr  of 
centerline  effectiveness  at  aU  downstream  locations.  The 
spanwise  averaged  effectiveness  values,  however  with 

higher  Tu  for  blowing  ratios  above  0.7. 

The  focus  of  this  reixnt  is  the  influence  of  turbulence  incensicy 
on  film  effectiveness.  Turbuicni  length  scales  wem  measured  at 
the  film  injection  location  and  are  reported.  The  current 
experiment  lacks  the  means  to  independently  vary  this  parameter. 
Thus  Che  effect  of  length  scale  on  effectiveness  downstream  of  the 
injection  pomt  was  not  addressed  as  an  independent  parameter. 
The  facility  has  been  carefully  constructed  to  simulate  the 
turbine  environment,  providing,  in  particular,  levels  of  free 
stream  turbulence  higher  than  that  generated  bv  the  injected  film 
flow  in  the  bounaary  layer.  When  the  lurhulencc  in  the 
freestream  is  greater  than  the  turhuicncc  m  the  boundary  layer  the 
transpon  of  u  v'  and  vT  throughout  the  boundary  layer  are 
significanay  altered  from  the  values  achieved  beneath  a  quiescent 
freestream.  This  is  evidenced  by  the  non-constant  values  of  the 
Reynolds  analogy  factor  with  Tu  observed  in  MacMuliin  et  aL 
(1989)  and  Maciejewski  and  Moffat  (1992).  This  condition, 
lacking  in  aU  previously  published  work,  is  necessary  to  properly 
reproduce  actual  engme  conditions. 


EXPERIMENTAL  FAaLTTY 

The  research  facility  used  for  the  experiments  is  shown  in 
Figure  1.  The  open  loop  wind  tunnel  uses  a  maii^  flow  blower 
with  an  external  intake  to  provide  a  nominal  flow  of  U 


NOMENCLATURE 

H  shape  factor  6*/8 

L  streamwise  test  section  length  (1.82m) 

Lgx  longitudinal  integral  length  scale  (cm) 

Lgy  vertical  integral  length  scale  (cm) 

M  blowing  ratio  (PfeUfe/pfsUfs) 

Red  Reynolds  #  based  on  cooling  bole  diameter 

T  static  temperature 

Tu  turbulence  intensity  (u’/U)  (%) 

U  mean  local  streamwise  velocity  (m/s ) 

Ufs  mean  freestream  streamwise  velocity  (m/s) 

b  turbulence  grid  bar  width  (134cm) 

d  film  cooling  hole  diameter  ( l.905cm) 

turbulence  generator  hole  dia.  ( l.1 1cm) 
dP/dx  streamwise  pressure  gradient  (Pa/m) 

u'  fluctuating  streamwise  velocity  component 

V  fluctuanng  verticai  velocity  component 

X  streamwise  distance  measured  from  downstream  lip  of 

injection  bole 


y  verticai  distance  measured  from  mjccdon  surface 

z  spanwise  distance  measured  from  center  injection  hole 

effectiveness  dcfidi  ( I  -  JlhiTu^TlioTu )  (%) 

5  boundary  layer  thickr»s$ 

5*  boundary  layer  displacement  thickness 

T|  film  cooling  effectiveness  (Tw.Taw)/(Tfc.Taw) 

Tic  centerline  film  cooling  effectiveness 

Tim  midiine  fiim  cooling  effectiveness 

9  boundary  layer  momentum  thickness 

p  fluid  density 

Stthmas;  ^ 

aw  adiabatic  wall 

dXj  Reynolds  #  based  on  turbulence  hole  dia. 

fc  in  the  film  cooling  fluid 

fs  in  the  freestream  fluid 

hiTu  Tu>0.9%  freestream  conditions 

loTu  TuaO.9%  freestream  conditions 

w  a  the  wall 

9  Reynolds  #  based  on  momentum  thickness 
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RGURE  1:  SIDE  VIEW  OF  EXPERIMENTAL  FILM  COOLING  FACILITY 


kg/s  to  the  ten  secoon.  A  hen  exchanger  at  the  mam  flow  blower 
discharge  can  be  used  to  vary  the  flow  temperature  from  18  to 
S4*C  (depesKiiog  on  local  atmospheric  temperature).  The  main 
flow  enters  a  conditioning  plenum  of  0.6m  diameter  before 
reaching  the  rectangular  test  sechon.  This  conditioaing  plenum 
has  one  layer  of  perforated  ainmimim  pUte  followed  by  7.6cm  of 
honeycomb  straightener,  and  3  layen  of  fine  screen.  A  ctrcuiar- 
to*rectangular  nozzle  constructed  of  polystyrene  foam  conducts 
Che  flow  from  the  0.6m  diameter  plenum  cross-secaon  to  the 
0.24m  X  0.38m  test  section.  With  this  conditioning,  flow 
unifonnity  of  ±1.3%  in  velocity  (at  Ufs  s  16  ci/s)  is  obtained  over 
the  center  0.23m  (spanwise  dimension)  by  0.22m  (vertical 
dimension)  of  the  test  secuon  (the  region  with  coolant  injection). 
Without  employing  turbulence  generation  devices,  a  freestream 
turbulence  level  of  0.9%  (±0.05)  was  acheivcd  over  this  center 
region. 

Boundary  layer  bleeds  are  employed  at  Che  top  and  bottom  of 
the  test  section  il07cm  upstream  of  the  downstream  lip  of  the 
film  cooling  injecuon  holes  (designated  as  x/dsO  in  Figures  1  &. 
2).  At  1.22m  from  the  plenum  exit,  a  knife  edge  bleed  clips  off 
the  bottom  1.27cm  of  the  growing  boundary  layer.  On  the  top  of 
the  test  secuon  (and  at  the  same  screamwise  location),  a  circular 
leading  edge  bleeds  off  an  additional  L27cm  of  the  flow,  making 
the  aspect  ratio  of  the  fmal  test  secuon  (aspect  ratio  = 
span/height)  approximately  1.76.  The  circular  leading  edge  bleed 
is  the  upstream  end  of  the  adjustable  top  walL  The  top  wail 
pivots  about  this  forward  end  in  order  to  adjust  the  pressure 
gradient  in  the  tunnel.  For  the  tests  presented  here,  constant 
pressure  was  desired  and  the  wall  was  adjusted  until  a 
nondimensional  pressure  gradient  (L/pUfs^)(dP/dx)  of  0.0182 
was  achieved  down  the  test  section. 


Rgure  2  shows  a  top  view  of  the  test  section  indicating, 
boundary  layer  bleed,  trip,  film  cooling  holes,  and  tfaessmcoople 
placement.  At  0.64cm  from  the  downstream  lip  of  the 
holes  (x/dsO.33),  an  adiabatic  surface  with 
ibesmocoupics  spans  the  0.38m  width  and  the  1.82m  streamwire 
length  of  the  test  section.  The  surface  consists  of  a  top  layer  of 
0.05  Imm  thick  Inconel  foU  cpoxicd  to  a  O.tbcm  thick  epoxy 
board,  which  is  in  turn  affixed  to  a  10cm  thick  insulating  urethane 
foam.  For  the  present  experiments,  no  voltage  potential  was 
placed  across  the  Inconel  foils,  and  the  surface  is  essentialiy 
adiabatic.  The  80  (0.94mm  bead  diameter)  iror^constaman 
thcnnocoupies  are  mounted  from  the  underside  of  the  epoxy 
panel  to  within  0.05 1  mm  of  the  backside  of  the  foiL  The 
boundary  layer  trip  is  a  1.59mm  diameter  steel  rod  at 

2.54cm  from  the  knife-edge  bleed.  This  is  approximately  the 
height  of  a  fictitious  turbulent  boundary  layer  starting  from  the 
knife-edge,  and  insures  a  spanwise  uniform  mibuient  boundary 
layer  profile  at  the  injection  point.  x/d=0  (9  J3cm  downstream  of 
the  trip). 

A  principal  requirement  of  Che  facilicy  is  the  genentaon  of  high 
levels  of  freestream  turbulence.  This  is  accomplished  by  two 
methods  for  the  present  expcnmenial  data.  A  0.l3m 
"Tec"  located  0.6  Im  upstream  of  the  inlet  to  the  conditioning 
plenum  leads  to  a  bypass  blower  which  boosts  the  bypass  flow 
pressure  by  TkPa.  This  bypass  flow  is  then  reinjected  from  two 
opposmg  rows  of  eleven  l.llcm  diameter  holes  located  on  the 
lop  and  bottom  of  the  test  secuon  l.02m  upstream  of  the 
boundary  layer  bleed.  A  heat  exchanger  in  the  bypass  line  is  used 
to  remove  the  25*C  heat  of  compression  from  the  bypass  blower. 
This  type  of  lurbuiencc  generation  device  was  pioneered  bv 
Bogard  et  ai.  (1992),  who  successfully  varied  the  velocity  rino 
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FIGURE  2:  TOP  VIEW  OF  EXPERIMENTAL  FILM  COOUNG  FACILITY 


(jet  veiocicy/freestream  velocity)  and  the  Reynolds  number  (based 
on  hole  diameter)  to  obtain  unifoim  Tu  levels  ftoin  5  to  25%. 

In  the  present  facility^  a  velocity  ratio  of  14  produced  a 
tiffbalence  level  of  17%  (±0^5)  at  the  injection  station  (x/d|7  « 
103  downstream  of  the  turbulence  generator  holes).  TTie 
Reynolds  number  based  on  d-fj  for  this  case  is  7800  for  the 
oofflinai  operating  conditions  of  Ufs  =16  tn/s  in  the  film  cooling 
test  secGon.  The  attainable  Tu  level  varies  with  both  velocity 
ratio  and  Re^  ,  and  decays  down  the  plate  slightly  slower  than 
the  characteristic  -5/7  power  law  for  grid-generated  turbulence 
(Bgure  4).  By  thnuling  the  bypass  flow  down  to  a  veloacy  raho 
of  4.5  (and  Re<sxj  =  9400).  an  11.5%  Tu  level  at  the  injection 
pout  was  acheived  with  a  uniformity  of  ±0.94  in  the  bottom  5cm 
of  the  flow  (below  y/d32.63).  This  was  considered  adequate 
uniformity  for  tbe  present  study  as  the  coolant  fluid  never  rises 
above  the  lower  5cm  of  the  flow  before  x/d=l0.  and  only 
marginally  thereafter. 

To  provide  comparison  with  the  bulk  of  elevated  freestream 
turbulence  film  cooling  literature  which  uses  grid-generated 
turbulence,  a  standard  square  grid  was  mstailed  0.94ni  upstream 
of  tbe  coolant  injection  poinL  Tbe  gnd  is  made  of  square  ban 
with  a  width  of  134cm  and  a  spacing  to  width  rauo  of  43.  The 
grid  provided  a  turbulence  level  of  63%  (±0.3)  at  the  injection 
point  The  turbulent  jets  and  grid  were  never  employed 
simultaneously.  Figure  3  shows  typical  fluctuating  velocity 
boundary  layer  profiles  at  the  injecuon  station  for  the  different 
turbulence  generation  modes  without  film  cooling  injecuon 
(injecuon  holes  toped).  Figure  4  shows  the  streamwise  decay  of 
the  generated  freestream  turbulence  (arrows  denote  tbe  film 
cooling  injection  station).  Boundary  layer  data  corresponding  to 
the  four  fluctuating  velocity  profiles  in  Figure  3  are  tabulated  in 


Table  1.  Tuibuience  ieveis  and  length  scales  for  the  fieestream 
(y/da2.63)  are  included  in  the  table  for  gnmp.nttm 


TABLE  1:  CLASSIFICATTONOFEXPERIMENTALTEST 
CONDmONS  (x/d=0.  z/dst-l  J) 


NoTistmiesce 

Olid 

ietCeecmed  ietGeoesated 

GeMmioa 

Geaerued 

Tiafauksee 

Tuifaukace 

Data  at  v/d 

Tisbuleaoe 

(Vekotv 

(Valoaty 

=2^ 

(bar  gnd) 

Ratios  43) 

Ratio  B  14) 

Tu(%) 

0.96 

6.76 

1231 

173 

L«x  (cm) 

6.77 

3.65 

6.04 

7.73 

Data  at  V  = 
U(in(s) 

.6 

16.03 

14.35 

13.96 

1632 

Re<i 

19085 

17085 

16621 

20026 

u'  (m/s) 

039 

l.l 

1375 

3.16 

Tu(%) 

3.68 

7.67 

13.43 

18.79 

Lgii(cm) 

334 

5.48 

6.09 

835 

L«x/d 

237 

238 

330 

4.23 

5  (cm) 

132 

131 

138 

126 

5*  (cm) 

0.123 

0.121 

0.130 

0.123 

9  (cm) 

03927 

0.0917 

0.0991 

0.0965 

H 

133 

132 

131 

127 

e/d 

03487 

0.0481 

0.052 

0.051 

Ree 

929 

822 

864 

1015 

Tbe  source  of  the  film  cooling  flow  is  a  "Wye"  the 

exit  of  the  tuibuience  flow  blower  (and  before  tbe  turbulenceJlow 
beat  exchanger).  Tbe  blower  heat  of  compression  provides  an 


4 


u7U 

f  • 


FIGURE  3:  NON-OIMEN SIGNAL  FLUCTUATING 
VELOCITY  COMPONENT  PROFILES  FOR  THE 
MAINSTREAM  AT  THE  INJECTION  POINT  (x/d  =  0) 
WITHOUT  FILM  COOLING.  FOUR  LEVELS  OF  Tu 
SHOWN:  17.5%,  12%,  6.5%,  AND  0.9%. 

elevated  temperanire  of  approumaseiy  20*C  over  the  fieestream 
temperamre  at  the  injection  point  Due  to  beat  loss  in  the  film 
cooling  How  piping,  the  exit  tempentore  drops  with  decreasing 
mass  flow  and  the  teopemure  nse  was  as  low  as  9*C  for  the 
lowest  blowing  rado  tested  (M«0  J5).  The  facility  is  thus  run  in 
the  "film  beating"  vs.  the  "film  cooling"  mode  with  a  density  ratio 
of  approximately  0.95  ("film  heatmg"  and  "fUm  cooling”  are  used 
interchangeably  in  this  report).  The  row  of  five  l.9cm  diameter 
injection  holes  is  centered  in  the  test  section  width.  The  35 
degree  inclined  holes  are  spaced  at  3  bole  diameters  and  the 
injection  pipe  length  from  the  coolant  access  plenum  to  the  exit  is 
3  J  hole  diameters.  Comparing  velocity  and  temperature  profiles 
from  the  center  three  holes  show  uniformity  to  within  ±5% 
noimnaily  for  both  parameters. 

INSTRUMENTATION 

The  data  presented  in  this  report  were  talcen  using  a  single  44m 
diameter  tungsten  hot  wire  and  an  array  of  thermocouples.  The 
hot  wire  and  a  flow  temperature  thermocouple  (0 J3mm  bead 
diameter)  located  0.5cm  downstream  (and  at  the  same  y  and  z) 
from  the  hot  wire  probe  are  both  mounted  on  a  verticai  traverse. 
A  magnetically  encoded  linear  position  indicator  (Sony  model 
#SR50-030A)  affixed  to  the  traverse  was  used  to  determine  the 
probe  position  to  within  2.54m.  Natiooai  Instruments  data 
acquisition  and  Lab  view  software  were  used  to  acquire  and 
process  the  hot  wire  and  thermocouple  voltages.  Hot  wire 
voltages  were  obtained  using  a  TSI  Model  #IFA-100  anemometer 
and  a  National  Instruments  NB*MIO-l6X  A-u>-0  board. 
mean  velocity  measurement  is  obtained  from  the  average  of  1000 
points  taken  at  200  samples  per  second,  from  which  the 
fluctuating  component  of  velocity,  u’.  was  also  calculated.  The 
velocity  computation  algorithm  corrects  for  local  variaiions  in 
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preisure.  temperiture.  and  humidity.  Length  scales  wen 
calculeied  by  integr^g  m  the  first  zero  mossing  of  the 
aoioconelaiioo  coeffideat  function  for  the  veioctty  fyoa 

Che  hot  wire  signaL  Each  length  scale  represents  the  avenge  oi 
20  autocorrelations  (each  with  204*  velocity  date  points  *«i~n  *i 
2000  samples  per  second).  The  temperanire  measurements  weie 
made  using  an  integndng  voltmeter  with  an  inte^atioQ  penod  ol 
OjOHscc  for  each  sample. 

To  calculate  the  film  effectiveness,  the  facility  was  run  without 
film  cooling  to  determine  the  adiabatic  wall  tempentnre.  T,w,  foi 
each  settmg  of  freestream  turbulence.  The  film  cooiing’nuid 
temperanire  was  determined  from  a  vertical  temperature  profile  at 
x/d=0  and  the  masimtim  lemperamre  recorded  was  ^ 

Tfc  .  To  deiermine  the  injection  jet  mean  velocity  a  verucas 
velocity  profile  at  z/d=0  was  integrated  from  the  wail  to  the  pdin 
of  nminiiim  u’  (which  corresponded  approximaiely  to  the  edge  of 
thefilm  cooling  fluid).  This  avenge  velocity,  U.  and  the  local 
freestream  velocity.  Uft.  were  used  to  determine  the  film 
blowing  ratio.  ® 


The  experimental  uncertainties  are  calcnletcd  based  on 
knowledge  of  the  insmtmemation  used  and  a  simple  rootHnean- 
s<(nared  error  analysis  (Kline  and  McClintock  1953).  Thi* 
method  assumes  contributiotis  to-uneenaimies  arise  raainiy  from 
unbiased  and  random  sources.  For  the  film  effectiveness 
calculation,  the  uncertainties  in  thennocouple  measuremems 
come  from  two  distinct  sources:  the  error  of  the  thermocouple 
device  and  random  fiuctuauons  in  the  actual  local  tempennire 
being  sensed  while  at  a  constant  operating  point  The  i«w.r  of 
these  two  is  greater  (±0.1  rC)  and  yields  an  tincenainty  in  n  of 
iOMi  at  M»l.  and  ±0.016  at  M»0J.  (using  a  histogram  of 
experimental  results).  The  insulated  test  stiiface  downstream  of 
the  film  cooiiog  injection  point  is  considered  to  be  essentiaUy 
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axiilbaiic.  The  taoo  of  the  oonvecove  beat  flux  at  the  test  surface 
to  conduction  alone  any  path  bciow  ibc  surface  for  typical  flow 
conditions  is  of  order  100.  Pais  indicates  that  the  local 
temperature  on  the  surface  is  dominated  by  the  convecuon 
process  and  is  an  accurate  indicator  of  film  effectiveness. 
Uncertainty  in  the  velocity  measurement  stems  pnmariiy  from  the 
calibration  fit  accuracy.  When  compared  to  a  co-locatcd  Kiel 
probe  velocity  measurement  the  error  is  within  ±1.0%  at 
flowrates  of  interesL  Due  to  the  O^cm  streamwise  displacement 
of  the  hot  wire  and  the  flow  thermocouple,  in  regions  of  steep 
temperature  gradients  (near  x/d=0)  the  temperature  from  the 
thermocouple  which  is  used  io  the  velocity  computation 
algorithm  is  as  much  as  1.2*C  lower  than  the  irtual  temperature 
at  the  hot  wire  probe.  This  results  in  a  mavimitfr^  additional  error 
in  U  of  2%  very  near  the  injection  hole  (decreasing  rapidly  with 
x/d),  and  was  not  correaed  for. 


RESULTS  AND  DISCUSSION 

The  data  presented  in  this  section  is  divided  into  two 
subheadings.  The  first  subheading  deals  with  the  cenieriine  film 
cooling  effectiveness,  T|c  »  dueciiy  downstream  of  the  injection 
pome  Temperature  and  velocity  (both  U  and  u  )  profiles  are  used 
to  characterize  the  evolving  film  cooling  flow  over  first  low,  then 
high,  blowing  ratios.  The  second  subheading  treats  the  area 
between  coolant  holes,  up  to  the  point  whm  the  adjacent  coolant 
streams  merge.  Together,  the  results  explore  the  regions  of  both 
deweesed  and  increased  film  cooling  effectiveness  due  to  high 
freestream  turbulence. 


Eff etrttveneae  atono  thg  Hole  Centgriine  (tM  -  01 

This  research  is  motivated  by  the  understanding  that  high 
levels  of  freestream  turbulence  are  a  reality  in  the  environments 
^bere  film  cooling  is  used  (for  example:  turbine  airfoils  and 
casings),  and  thus  the  interaction  of  freestream  tuibulence  and 
film  cooling  should  be  understood.  Freestream  turbulence  is  a 
measure  of  the  level  of  random  motion  of  a  fluid  flow.  It  would 
thus  be  natural  to  expect  that  when  elevated  levels  of  random 
motion  in  an  enclosed  flow  come  m  contact  with  mass  injection 
from  an  adjacent  surface,  the  injected  mass  will  be  rapidly  mixed 
into  the  surrounding  fluid.  This  first  order  effect  would  imply  a 
reduced  film  cooling  effectiveness  for  elevated  levels  of 
freestream  turbulence,  a  result  that  has  been  reported  by  other 
researchers  (namely.  Kadotam  and  Goldstein,  1979b). 

To  explore  the  magnitude  and  limitations  of  this  expected 
degradation  in  film  cooling  effectiveness  for  the  current  facility, 
wall  temperature  (and  thus  film  cooling  effectiveness)  data  were 
taken  along  the  insulated  surface  downstream  from  the  coolant 
boles.  Blowmg  ratios  from  0.55  to  1.85  were  studied  for  four 
msrkedly  different  flows:  (a)  a  quiescent  (0.9%  Tu)  freestream 
(b)  6.5%  grid-generated  freestream  turbulence  (c)  I  U%  mixing 
jet  generated  freestream  turbulence  and  (d)  17%  mixing  jet 
generated  freestream  turbulence.  In  the  paper,  flows  arc 
referenced  by  the  level  of  Tu  at  the  coolant  injection  plane, 
oaoirally  this  decays  to  lower  values  downstream  (Figure  4). 


-o - - - uj  Diowing  rauo  for  the  four 

different  levels  of  freestream  turbulence.  Centerline  effccuveoess 
dau  from  me  middle  three  holes  agree  to  within  ±5%  though 
only  data  for  the  center  hole  (z/d=0)  is  shown.  As  expected,  the 
increasmg  levels  of  Tu  in  the  freestream  generally  decrease  the 
centerline  effectiveness  of  the  cooling  fluid.  This  decrease,  or 
deficit  (defined  here  as  A^ff  =  i  .  ^ 

maximum  of  70%  for  0A5<Mc0.95  (Tu=:l7%  ai  xyd=22)  with 
the  effect  becoming  less  pronounced  as  M  increases,  Ihc  jee  lift 
off  from  the  cooled  surface  is  responsible  for  this  change  in  the 
observed  deficit  with  higher  M,  and  wiU  be  addressed  in  secdoo 
B,  below. 


A  deficit  of  this  nagnitude  is  considerably  iarter  tbaa  that 
observed  by  Kadotam  and  Goldstein  ( 1979b).  who  saw  a  deficit 
of  up  to  28%  at  MaiO  J5  for  grid  generated  freestream  mrbaience 
levels  of  20.6%.  Pan  of  this  disparity  may  be  due  to  the  namre  of 
freestream  turbulence  generation  in  the  two  facilities.  The  jet 
generated  freestream  turbulence  is  fairly  uniform  through  the 
boundary  layer  (Figure  3).  whereas  the  20.6%  Tu  case  for 
Kadotam  and  Coldstem  could  only  be  obtained  by  ptacme  the 
turbulence  generauon  gnd  in  close  proximitv  to  the  film  cooling 

injecoon  potnL  This  resulted  in  a  rather  nomuoifoim  - - 

profile  at  x/d=0.  with  an  actual  Tu  level  of  12.9%  at  the  boundary 
layer  edge.  In  addition  to  the  nonMiniform  vertical  distribution  of 
Tu.  the  axial  distribution  also  varies  rapidly  with  x  in  Kadotam 
and  Goldsteini  expemnent  because  the  injection  poim  is  safl  in 
the  initial  decay  of  the  grid  generated  tntbulence.  -nte 
effectiveness  deficit  (A«ff  )  for  the  present  work  «  a  more 
comparable  Tu  level  of  1 1  J%  and  at  the  lowest  blowhix  ratio 
studied  (M=0  J5)  is  49%. 

Another  important  variable  in  the  Kadotani  and  daa 

U  the  vertical  length  scale.  Lgy.  By  varying  this  panmeter  they 
found  that  the  A,ff  for  8.2%  freestream  turbulence  with 
Lgy«»0.39cm  was  comparable  to  the  Aeff  for  the  12.9% 
tirtulcnce  with  Lgyx0.07cm  quoted  above,  at  a  blowing 

ratio.  This  demonstrates  the  impoitance  of  turbulent  length  scale 
m  completely  charactermng  the  effect  of  freestream  turbulence 
on  film  cooling  effectiveness.  By  comparison,  in  the  present 
study  the  longitudinal  length  scale  for  the  jet  generated  turbuleace 
is  50%  larger  than  the  scale  of  the  6A%  gnd  generated  turbulence 
in  the  boundary  layer.  This  difference  grows  to  u  large  as  i  10% 
at  y/d=2.63.  Table  1.  This  "larger"  jet  turbulence  scale  may 
contribute  to  larger  Aeff  with  Ugh  levels  of  freestream  turbulence 
in  the  present  smdy.  No  definitive  conclusions  can  be  reached 
with  the  present  data,  though,  since  turbulence  scale  and  imensity 
were  not  varied  independently.  Other  factors  coumbuting  to  the 
difference  in  results  wiU  be  discussed  in  the  succeeding 


A)  Uw  Blowing  Ratios  iO.S  <  M  <  n  e<)  Han  and 
Mehendale  (1986)  reported  the  optimum  blowing  ratio  raote  to 
be  from  0.5  to  0.7  (x/d  S  20)  for  single  row  film  cooling'at  a 
Reynolds  number  based  on  hole  diameter  of  70000  The 
Reynolds  number  of  the  dau  presented  here  is  approximately  the 
same  (19000).  and  so  it  is  instructive  to  compare  the  optunum 
blowing  ratio  and  the  effect  of  freestream  turbulence.  From 
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Blowing  Ratio  (M) 


0-9  1.1  1.3  1.5  1J 

Blowing  Ratio  (M) 


RGURE  5a-d:  C^RUNE  RLM  COOUNG  EFFECTIVENESS  AT  FOUR  DIFFERENT  x/d  STATIONS-  4  10  2?  a  « 
{2/d  =  0).  DATA  FOR  FOUR  LEVELS  OF Tu:  17%.  11.5%,  6.5%,  AND  0.9%. 

Figure  5,  though  the  data  is  not  sufficient  to  determine  prectseiy,  ✓  -p  ^ 

it  appears  that  the  optimum  M  shifts  to  higher  M  as  Tu  increases.  Aeff=f  V  B(l^xp(-aA)(Kcxo(^^  rTii5««.i 

The  elevated  turbulence  also  appears  to  flatten  the  region  of  \ 

optimum  effectiveness*  resulting  m  a  considerably  wider  range  of 

blowing  ratios  over  which  the  effectiveness  remains  within  a  10%  wtere  n  and  B  are  functions  of  blowing  ratio.  Values  of  Bsl  05 

band  of  the  optunum  effectiveness  pomt  n»M)3.  and  n=0.05  fit  the  data  presented  in  this  paper  for  x/d^8 

In  this  range  of  blowing  ratms  (0  J5<M<0.95),  before  blow-off  0-55<M<0.95  to  within  ±17%.  The  form  of  this  expmsion  is 

becomes  a  significant  factor,  film  cooling  effectiveness  decreases  intuitive,  and  without  physical  basis.  Though  the  emptricai 

monotonically  with  freestream  turbulence.  A  rudimentary  expression  unplies  that  Tu  is  the  only  parameter  that  infigfntTt 

attempt  to  coneiaic  the  loss  in  effectiveness  to  the  Tu  level  at  the  effectiveness,  other  characteristics  of  the  freestream  turbulence 

point  of  injecuon  results  in  the  following  empirical  form:  generated  for  the  different  cases  presented  here  (for  example, 

integral  length  scale)  may  play  a  significant  role  in  cffccd^css 
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FIGURE  6a^;  UAJfs  .  u’AJfs,  AND  TEMPERATURE  RATIO  BOUNDARY  LAYER  PROFILES  AT  TWO  x/&  0  &  2.62S  fz/w  fn 
DATA  FOR  Tu  =  0.9%  &  M  =  0.99  COMPARED  TO  Tu  =  1 7.4%  &  M  =  0.95.  ’  ~ 


reductions.  Notably,  it  is  evident  from  Figure  5  dut  film  cooling 
effeedveoess  data  based  solely  on  ghd  generated  nizbulence  (with 
its  inherent  maximiiiii  of  uniform  Tu  »  8%)  would  be  inadequate 
for  predicting  the  trend  at  high  Tu  levels  (Tu>10%)  accurately. 
This  is  the  fundamental  reason  for  the  deveiopment  of  the  present 
experimental  facility. 

To  understand  the  underlying  reason  for  the  loss  in  cooling 
effectiveness  with  increasing  Tu,  it  is  instructive  to  examine 
temperamre  and  velocity  (mean  and  fluctuating  components) 
boundary  layer  profiles  at  various  x/d  locations  downstream  of 
the  injection  hole.  Figures  6a-h  show  these  profiles  at  four  x/d 
stations  for  M«0.9S  and  two  Tu  levels  (0.9%  and  17.4%).  U  and 
u'  ate  non-dimensioiialized  by  the  freestream  mean  velocity  Ufs. 


The  static  temperature  is  shown  as  a  ratio  of  the  difference 
between  local  temperature  and  freestream  temperature  and  the 
difference  between  the  film  cooling  temperature  and  the 
freestream  temperature.  The  non-dimensional  fluemaung 
velocity  component.  u’/Ufs  ,  is  shown  with  a  factor  of  5  to 
facilitate  presentation  on  the  same  scale  with  the  non-dimensional 
mean  velocity. 

Of  particular  note  is  the  slanted  shape  of  the  coolant  fluid 
velocity  profile  in  both  cases  (see  the  y/d<0.4  region  of  velocity 
profiles  on  figures  6a  &  b).  This  non-parabolic  shape  is  discussed 
in  detail  by  Uyiek  and  Zcrkle  (1993)  and  is  due  to  the  flow 
Lnternai  to  the  film  cooling  hole  and  access  plenum.  Separatmn 
off  the  downstream  edge  at  the  inlet  to  the  film  cooling  injection 


8 


6«)  Tu  =  0.9%,  x/d  =  10.625 


6f)  Tu  =  17.4%,  x/d  =  10.625 


y/d  y/d 


RGURE  6e^i:  UOJfs .  u'AJfs  .  AND  TEMPERATURE  RATIO  BOUNDARY  LAYER  PROFILES  ATTWO  x/d:  10  625  A  xr 
(z/d  ss  0).  DATA  FOR  Tu  =  0.9%  &  M  =  0.99  COMPARED  TO  Tu  s  1 7.4%  &  M  s  0.95. 


tube  causes  the  fluid  to  hug  the  upstream  wail  of  the  tube.  For 
tubes  with  short  L/d«  representative  of  modern  film  cooling 
applications,  the  flow  has  insufficient  length  to  establish  a 
traditional  pipe  flow  velocity  profile,  resulting  in  a  skewed 
veloacy  profile  at  exit.  This  effect  brings  the  injected  momentum 
apex  further  away  from  the  wail  and  closer  to  the  high  Tu 
freestream.  In  the  presence  of  elevated  freestream  turbulence, 
this  unuiue  feature  of  short  L/d  cooling  tubes  could  result  in  a 
larger  A^ff  than  for  cooUng  injected  with  long  Ud  tubes.  Since 
the  momentum  core  is  closer  to  the  turbulent  shear  layer  and  the 
freestream.  it  may  experience  an  accelerated  dissipation 
compared  to  the  long  L/d  case  where  the  velocity  profile  is  more 
symmetric.  This  effect  may  help  to  partly  explain  the  lower  A^ff 


values  observed  by  Kadotani  and  Goidstein  (1979b).  who  used  a 
facility  with  L/d«62  compared  to  L/da3  J  in  the  facUitv 

pit  vekxaty  profiles  taken  it  M-0.55  and  M«l.87  show  the 
‘skewness'  of  this  film  cooling  velocity  profile  to  ineiease  with 
M  (also  noted  by  Leylek  and  Zcrkie,  1993). 

Proceeding  downstream  from  the  injection  location  (Figures 
6c^).  signiflcani  differences  develop  between  the  high  and  low 
Tu  flows.  For  the  low  Tu  case,  the  film  cooling  fluid  and  the 
freestream  merge  in  a  strong  shear  region  located  at 
approximately  y/d=0  J  from  the  wall.  Below  this  shear  region, 
the  fluctuating  velocity  component  of  the  film  cooling  flow  is 
remarkably  flat  with  the  maximum  of  (u’/Ufs  x  5)  a  0.6  at  x/iW) 
decaying  rapidly  (with  a  nearly  linear  decay  rate  of  4.4  (m/sl/m 
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from  x/d=0  to  x/d=lO)  with  xJd  due  to  the  strone  damping  effect 
of  the  surrounding  quiescent  freestream.  The  diffusion  of  the 
thennai  energy  m  the  film  cooling  flow  is  also  retarded  by  the 
reiadveiy  inacove  freestreanu  and  the  lempcranire  profile  retains 
Its  shape  (and  thus  effectiveness)  well  beyond  x/d=20. 

The  simation  is  markedly  different  m  the  high  Tu  case,  where 
the  formation  of  two  distinct  flow  regimes  is  impeded 
immediately  by  a  high  level  of  mixing.  At  the  injection  plane 
(xyd=0),  the  peak  velocity  of  the  mjected  fluid  is  reduced  from 
U/Ufs  =1,12  for  low  Tu  to  U/Ufs  =  1.09  for  high  Tu.  The  u' 
levei  in  the  film  cooling  fluid  rises  dramatically  from  a  value  of 
(u’AJfs  X  5)  =  0.6  at  the  wall  to  (u’AJfs  x  5)  =  l.O  at  the  velocity 
peak.  Of  greater  concern  for  effeedveoess,  the  temperature 
profile  at  x/d=0  is  already  parbaily  dissipated.  The  maximum 
^  temperature  begins  to  drop  at  y/d=0.l7  for  the  high  Tu  case  vs. 
y/d=0.27  for  the  low  Tu  case.  This  lower  temperature  in  the  shear 
region  is  indicative  of  heightened  mixing  with  the  freestream.  By 
xyd=2.6.  the  film  cooling  flow  for  the  high  Tu  case  has  lost  48% 
of  its  effectiveness  vs.  34%  for  the  low  Tu  case.  The  original 
freestream  velocity  profile  recovers  quickly  from  the  disrupuon 
caused  by  the  mass  mjecuon  and  by  x;d=l0.6  there  is  little  trace 
of  the  film  CQohng  fluid  (u'/Ufs  is  nearly  constant  down  to  the 
waU). 

In  summary,  freestream  turbulence  has  a  profound  mixing 
effect  resulting  in  accelerated  break*up  of  the  injected  film 
cooling  flow.  This  is  the  underlying  cause  of  the  loss  of 
centerline  effectiveness.  The  trends  in  Figures  6a-h  are  similar 
for  the  two  intennediate  levels  of  Tu,  though  less  pronounced. 


B)  High  Blowing  Ratios  (M  >  0  9^1.  From  Figure  5.  it  is 
evident  that  the  loss  in  j\q  due  to  high  freestream  turbulence 
becomes  less  pronounced  as  M  increases.  This  is  due  to  the  film 
cooling  fluid's  separation  from  the  surface  (blow-off).  This 
blow-off  is  well  iQ  the  literature,  but  little  has  been 

reported  on  the  effect  of  elevated  freestream  turbulence  on  the 
blow-off  phenomenon.  For  M=l.5.  Kadotam  and  Goldstein 
(1979b)  reported  that  1)^  increased  everywhere  with  elevated 
freestream  turbulence.  By  companson,  high  freestream 
turbulence  levels  appear  to  have  two  noteworthy  influences  on 
the  separated  film  cooling  flow  in  this  study.  Figure  7  is  a  close- 
up  of  T|c  vs.  xJd  for  Ms  1.47  and  two  different  Tu  levels.  As 
shown,  the  first  several  wall  thermocouples  exhibit  a  rising 
temperature  with  x/d  and  then  fail  off  as  expected  after  reaching  a 
maximum  at  x^  and  X2  (for  the  high  and  low  Tu  cases 
respectively).  This  region  of  positive  dT/dx  is  indicative  of 
separated  film  cooling  fluid  which  is  gradually  reattaching  to  the 
wall  From  the  distances  noted  on  Figure  7  (x^  >  ),  it  is  clear 

that  higher  freestream  turbulence  lessens  the  streamwtse  extent  of 
the  initial  blow-off  regton. 

This  observation  is  supported  by  Figure  8's  mean  velocity  and 
temperature  profile  data  at  x/d=0  and  2.625  for  two  levels  of  Tu 
and  M=l.47.  As  shown,  the  elevated  Tu  of  the  surrounding  fluid 
rapidly  diffuses  the  injected  coolant  fluid,  dropping  the  peak  in  U 


RGURE7:  CEMTERUNE  FILM  COOUNG 
EFFECTIVENESS  FOR  TWO  L^ELS  OF  Tu:  1 7  0% 
AND  0.9%  (BLOWING  RATIOS  OF  1 .45  &  1.47 
RESPECTIVELY).  Ufs=l6nfVs  (Re(j=i9000)  CLOSE-UP 
OF  BLOW-OFF  REGION  FOR  2/d=0. 


and  T  dramatically  as  the  flow  progresses  from  x/d=0  to  2.625. 
By  conservation  of  energy,  this  lost  thermodynamic  energy 
be  transported  elsewhere  in  the  flow,  and  (as  will  be  discussed  in 
the  succeeding  section)  a  significant  amount  laterally. 

Some  of  the  energy  also  appears  to  mix  vertically,  as  is  evidenced 

by  the  siighdy  higher  T  and  U  for  high  Tu  vs.  low  Tu  above  and 
below  the  greatly  reduced  peak  (x/d=2.625).  Hie  verticai 
difftision  caused  by  the  high  freestream  turbulence  brings  the  film 
cooling  fluid  in  contact  with  the  surface  more  quickly  than  for  the 
case  with  low  Tu.  Though  the  fluid  which  comes  an  with 

the  wail  is  at  a  lower,  mixed-out  temperamre,  the  contact  is 
It  a  smaller  x/d  (approximately  x/d=2)  in  the  presence  of  17%  Tu 
vs.  the  0.9%  Tu  case  (x/d  -  4.  Figure  7). 

The  second  effect  of  elevated  freestream  oirfauieace  on  film 
cooling  blow-off  is  apparent  beyond  x/d=30  on  Figure  9.  which 
shows  tbe  cemeriine  effectiveness  down  the  arft.h.nr  surface  for 
four  turbulence  levels  and  two  blowing  ratios:  M-0.75  (minimal 
biow.off)  and  M=U  (  significant  blow-offi.  1 /wiring  closely  at 
the  M=l.5  plot  a  significant  change  in  the  T|c  trend  with  x/d  is 
detected  at  x/d  »  15.  Upsueam  of  this  location,  the  low  Tu  fic 
dau  are  clearly  superior.  After  x/d=l5.  the  Hc  decay  with  x/d  is 
arrested  for  the  Tu=d.5%  case,  and  Tic  remains  essentiaily  flat 
thereafter.  Figure  10  compares  tbe  centerline  and  mirfUf.. 
effectiveness  daa  for  high  and  low  turbulence  at  Ms0.7S  and  li 
From  this  figure  it  is  clear  that  the  point  of  spanwise  film 
uniformity  (adjacent  stream  merger):  occurs  at  approximately 
x/d»l0  for  high  Tu  vs.  beyond  x/d=>20  for  low  Tu.  The  change  in 
Tic  decay  rate  noted  in  Figure  9b  at  x/d=l5  is  due  to  this  earlier 
merger  of  the  adjacent  cooling  jets  for  high  Tu.  After  the  merger, 
the  film  is  essentially  spanwise  uniform.  Without  any  further 
spanwise  dissipauon  due  to  high  freestream  mrbulence.  the  Tic 
decay  flattens  for  Tu=6.5%.  The  merger  doesn't  occur  for  the  low 
Tu  flow  before  x/d=30.  and  a  slow  tic  decay  continues  well  down 
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8«)  Temperature  Ratio  for  TusO.9% 
&  17.6%  at  xJdsO  &  2.625 


y/d 


9*)  Blowing  Ratio  =  o.7S 


8b)  U/Ufa  for  TuaO.9%  &  17.6% 
at  xhtdi  &  2.625 


»  0.4  O.t  1.1  1.4  2  2.4 


y/d 

RGUREBa&b:  TEMPERATURE  RATIO  AND  U/Uf, 
BOUNDARY  LAYER  PRORLES  AT  TWO  x/d  STATIONS: 
0  &  2.625  (z/d  =  0).  DATA  SHOWN  FOR  Tu  =  0.9%  &  M  e 
1 .47  V8.  Tu  ■  1 7.6%  &  M  ■  1 .45. 


9b)  Blowing  Ratio  =  i.s 


XM  (da1.9cffl)  Distance  from  ttw  Coolant  Holes 


centehunerlmcooung 

EFFECTIVENESS  VS.  x/d  FOR  TWO  BLOWING  ^TIQS 
&  1.5)  AND  FOUR  FREESTREAM  TUIfflULeiCE 
LEVELS:  1 7.0%,  1 1.5%,  6.5%.  AND  0.9% .  Ufa «  lenVs^ 
(Ro^s  19000),,  z/d  =  0. 


tlw  adiabatic  surface  for  this  case.  The  acceierated  spaawise 
diffusion  caused  by  high  freestzeam  turbulence  makes  the  coolant 
"more  effecttve”  beyond  x/d  -  30  for  the  Tua6,5%  case.  A 
similar  change  in  r\c  decay  is  noted  at  x/d»l5  for  the  two  higher 
Tu  kveb  of  1  U%  and  17%.  These  higher  levels  create  enough 
verticai  dissipation  beyond  this  point  to  continue  decreasing  the 
cooling  effectiveness  with  x/d  (unlike  the  r\c  for  Tu=6i%,  which 


is  flat).  There  appears  to  be  an  optimum  level  of  Tu  for  this 
unexpected  effectiveness  enhancement  at  large  x/d. 


Tlie  previous  data  Have  documeoted  the  beiitvior  of  the  film 
cooling  fluid  diiecUy  downstream  of  the  injecdon  bole  (a/dsO) 
These  dau  are  represenudve  of  the  spaawise  average 
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10a)  Blowing  Ratio  =  0.75 


: - - T" 

:  : 

-^0.9%Tu-M0.7  (2/d=0) 
-••17%Tu-M0.75  (z/daO) 
-*-0.9%Tu-M0.7  (2/da-1.5) 
-•  17%Tu4A0.7S  (z/d>1.S)  1 
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10b)  Blowing  Ratio  = 
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neighbor  (the  r/d=+l  J  end  z/da-li  dau  igiee  to  within  ±4% 

nomnaliy.  but  only  the -i  data  lie  *hown  IS  the  t)c  datt  from  the 

•z  bole  are  ciosea  to  the  Tfe  data  from  the  center  bole).  The 
are  presented  in  a  loimat  idenocai  to  that  in  Figure  5.  « 

x/d  locations  of  6. 14.  &.  30.  Except  at  very  low  blowing  ratios, 
the  elevated  freestteam  turbulence  data  show  a  greatly  improved 
effectiveness,  even  as  far  down  the  surface  as  x/ds30  for  some 
high  blowing  ra^.  Brown  and  Saluja  (1978)  also  observed  an 

inoease  in  midlineeffectiveoess  with  increased  Tu.  Ihemixing 

of  fUm  cooling  fluid  whidi  resuliKl  in  a  dramatically  reduced  He 

has  brought  some  of  that  effectiveness  spanwise.  By 
conservarion  of  energy,  !)„  U  enhanced  bv  the  high  tmtinUiw.. 

thefreestream.upto  100%atMaliandx/d=.l4.  Thedattalso 
reveal  the  complexity  of  the  effects  that  freestteam  turbulence  has 

on  in  that  the  observed  effect  is  not  always  mimnmnir  with 
Tu.  For  example,  in  Figure  11a  the  6i%  Tu  data  are  more 
effective  than  the  11.5*  data  at  low  blowing  ratios.  In  Bgure 
1  lb.  the  Tua6.5%  data  are  most  effective  for  low  blowing  T«>vn 
while  the  Tual7*  data  are  best  at  high  blowing  ratios.  Also,  at 
x/d=30  (Figure  He),  the  Tu=6.5%  dau  are  superior  for  low 
blowing  ratios  while  the  Tu=  1 1J%  dau  are  best  at  high  blowing 
chirartfnmcs  of  turbulence  that  are  responsible  for 
these  inconsistencies*  are  not  fully  understood,  although 
comparisons  of  integral  length  scale  provide  some 
insigbL 

The  rneasured  length  scale  of  the  grid  generated  turbulence 
given  in  Table  1  is  considerably  smaller  than  the  jet 
length  scales  and  a{^ximattly  equal  to  the  between 

a^acent  boles  (Lgx/ds2.88  vs.  hole  spacing/d  «  3).  Though  this 
is  a  streamwise  length  scale,  the  assneisted  spanwise  length 
win  also  be  relatively  “smaller*  than  in  the  jet  generated mv^ 
may  be  better  suited  to  dissipating  the  film  fluid  laterally 
Kadotam  and  Goldstein  (1979a)  also  reported  a  greater  Uler^ 
spread  of  cooling  fluid  for  'smaller*  scale  vs.  “larger* 
freesocam  turbulence.  Figure  12  presents  the  Figure  1 1  dau  in 
an  Uni  vs.  x/d  format  and  shows  the  same  trends  more  clearly 
(dau  for  M-0.75  and  1.2  only).  Clearly,  there  «s  some 
optimisation  of  M.  Tu.  and  possibly  Lgx/d  that  mnn  be 
performed  by  the  turbine  designer  to  achieve  a  unique  design 
reejuiremenL 


FIGURE  lOaib:  CENTERUNE  &  MIDUNE  FILM 
COOLING  EFFECTIVENESS  (z/d  =  0  &-1 .5)  vs.  x/d  FOR 
2  BLOWING  RATIOS:  0.75  &  1 .2.  DATA  FOR  Tu  =  0.9%  & 
17.0%.  Ufs  s  16  nv's  (Red“19000) 

effectiveness  downstream  of  the  point  at  which  the  adjacent 
streams  merge.  The  point  of  spanwise  uniformity  (stream 
merger)  is.  however,  greatly  dependent  on  the  level  of  freestteam 
turbulence  in  the  surrounding  fluid  (as  noted  earlier  from  Figure 
10).  The  effect  of  freestream  turbulence  on  the  effectiveness  of 
film  cooling  fluid  between  the  coolant  boles  is  of  equal  interest  to 
the  designer. 

Figure  1 1  shows  data  obtained  from  the  surface  thermocouples 
located  exactly  between  the  center  cooling  hole  and  its  -z 


SUMMARY  AND  CONCLUSIONS 
Effectiveness  dau  has  been  presented  for  a  practical  range  of 
blowing  ratios  and  four  levels  of  freestream  turbulence 
Markedly  different  resulu  are  obuined  for  effectiveness  directly 
in  line  with  the  coolant  boles  compared  to  effectiveness  in  the 
space  between  adjacent  coolant  holes,  with  a  strong 
on  blowug  ratio.  It  appears  that  the  simple  conclusion  “high 
freestream  turbulence  decreases  the  effectiveness  of  discreu  hole 
fOm  cooling"  is  not  altogether  correcc  Figure  10  summarues  the 
composite  result  for  effectiveness  at  both  spanwise 
comparing  the  effect  of  0.9%  Tu  to  17%  Tu  at  Mn0.7S  and  1.2. 
Freestream  turbulence  drasticaUy  reduces  the  effectiveness  of 
film  cooling  directly  behind  the  injection  holes  at  low  to  tnodeiate 
blowing  ratios.  At  high  blowing  ratios,  however,  freestream 
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MMUne  FUm  CooUna  EKeclhraneM  Mldllna  Rkn  Cooing  Ellocllvaness  MIdlins  Film  Cooling  Eltectlveness 

(T*»-T«w)/(Tlc-T«w)  (Tw>TBw)/(Tlc*Taw)  (Twf-Taw)/(Tlo-Taw) 


11a)  x/d  =  6 


12a)  Blowing  Ratio  =  0.75 


11b)  x/d  =  14 


lie)  x/d  s  30 


FIGURE  lla-c:  MIDUNE  FILM  COOUNG 
EFFECTIVENESS  (z/d  s  -1 .5)  AT  3  x/±  6,1 4.&30.  DATA 
FOR  4  LEVELS  OF  Tu:  0.9%.  6.5%,  1 1 .5%.  AND  17.0%. 
U|8  =  16  nVs  (Re<}s 19000) 
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RGURE  12a&b:  MIDUNE  FILM  COOUNG 
EFFECTIVENESS  (z/d  =  -1 .5)  VS.  x/d  FOR  TWO 
BLOWING  RATIOS:  0.75  &  1.2.  DATA  F(3R  4  lSSs  OF 
Tu:  0.9%.  6J%.  1 1 .5%,  AND  17.0%.  Ufj  «  16 
(Redsigooo) 


Ufbulence  reduces  the  extent  of  blow^ff.  and  diffuses  the 
sepamed  fluid  down  to  the  waii  more  quickly,  tesnliing  in  hiptuT 
effectiveness  for  x/d>30.  Also,  the  diffusion  of  cooUm  fluid  with 

hi^  Tu  resultt  in  s  dramatic  increase  in  the  lateiai  spread  of  the 

adjacent  streams.  High  Tu  creates  a  more  uniform  film  mote 
quiddy  and  increases  the  resulting  effectiveness  between  the 
coolant  holes.  Changes  in  effectiveness  by  a  factor  of  two  (both 
up  and  down)  at  practical  values  of  blowing  ratio,  and  over 
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signiticant  regions,  are  documented  for  Tu  in  the  range  from 
0.9%  to  17%.  An  cmpiricai  coneianon  is  offered  that  predicts  the 
centcriinc  effectiveness  deficit  for  high  turbulence  levels  to  a 
reasonable  degree  of  accuracy.  However,  this  correlation  does 
not  include  the  effects  of  such  addidonai  vanabies  as  turbulent 
length  scales,  streamwise  pressure  gradicnL  and  curvature.  The 
influences  of  these  parameters  have  not  been  investigated  or 
documented  at  the  present  time.  Future  plans  include  parametric 
studies  of  these  variables  also. 

The  density  ratio  between  the  coolant  and  the  freestream  was 
held  constant  throughout  this  study  ai  approximately  0.95,  In 
typical  turbine  engine  applications,  the  film  cooling  fluid  is  at 
times  500*C  cooler  than  the  core  flow,  with  a  density  ratio  of  1,5 
to  2i).  Investigations  by  Goldstein  et  aL  (1974)  and  Sinha  et  al. 
(1990)  show  that  centerline  film  cooling  effectiveness  generally 
increases  with  higher  density  ratio  for  the  same  blowing  ratio 
(M).  This  trend  is  more  evident  at  higher  blowing  ratios.  M>0.7. 
There  is  still  considerable  discissiOQ  over  the  for  thhc 

influence  and  the  effect  of  elevated  frmrnm  turbulence  has  not 
been  investigated.  The  authors  intend  to  niaifg  this  an  area  of 
future  research. 

In  summary,  freestream  turbulence  is  an  important  flow 
parameter  that  must  be  properly  understood  and  simulated  to 
design  appropriate  film  cooling  flows  for  a  given  application. 
From  the  data  presented,  it  appears  that  certain  feanoes  of  cooling 
flows  (blowing  ratio,  diameter,  spacmg/d,  Ud)  can  be  tailored  to 
optimize  film  cooling  effectiveness  for  a  given  turbulent 
environment 
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